We discuss in detail a model which makes definite predictions for the fractionation of isotopes in sputtered material. The fractionation patterns can be nonlinear, and the pattern for a particular set of isotopes depends on the chemical matrix within which those isotopes are contained. Calculations are presented for all nonmonoisotopic elements contained in the minerals perovskite, anorthite, ackermanite, enstatite, and troilite. All isotopes are fractionated at the level of approximately 4-6%o per atomic mass unit. O is always positively fractionated (heavier isotopes sputtered preferentially), and heavier elements are generally negatively fractionated (lighter isotopes sputtered preferentially). The value of $(1sO: 160) is always less by about 1.8%o than a linear extrapolation based upon the calculated $(170:160) value would suggest. The phenomenon of both negative and positive fractionation patterns from a single target mineral can be used to make an experimental test of the proposed model. 
The sums are taken over all target atomic species, but k and l refer only to isotopes of a single chemical element. We emphasize that (2) applies only to the material actually sputtered away from the target and not to the composition of the target surface subsequent to sputtering. Modification of the surface composition can be described by models that incorporate both preferential sputtering effects and subsurface diffusion processes, but such a project is beyond the scope of the work discussed here. The abundance factors n• appearing in (2) refer to the instantaneous atomic abundances. In gen- These remarks apply to isotopic components of a single element. If more than one chemical species is present, fractionation of one chemical species from another will in general occur, but its magnitude is determined more by details of the target chemistry than by the atomic masses and abundances. However, expression (2) for the fractionation applies to any target, regardless of its chemical composition, as long as it is only the fractionation among isotopic components of a single chemical element that is desked. Moreover, since members of any isotopic suite are ejected from the surface by means of collisions with all the atomic species in the target, it is clear that the fractionation pattern for these isotopes can depend strongly on the mass of each kind of target atom. It is this feature that we feel will provide the most convincing test of the validity of the fractionation model described here.
As an illustration of the effect of this 'background' mass M3 upon the fractionation pattern of a particular pair of isotopes 1 and 2 with masses M, and M2 (M, < M2, say), we consider a target composed principally of type 3 background atoms with abundance n3, but which contains a small proportion of the isotopic species 1 and 2 so that nl + rt2 << r4. Type 3 atoms need not be isotopes of the same element as type 1 and type 2 These seem to be the two hallmarks of sputter-induced isotopic fractionation in many minerals: (1) all isotopes are fractionatcd at the level of a few ppt per unit mass, independently of the precise mineralogy of the target, and (2) sputtered O is isotopically heavy with respect to the O in the target, while heavier sputtered elements (Mg, Si, Ca, Ti) are isotopically light. The magnitudes of the fractionations predicted are large compared to the precision of the most careful mass spcctrometric analyses (•0.1%o [Lee, 1979] ). The fact that sputtering of isotopes of the light and heavy elemental components of a given target is predicted to produce fractionations of different sign sharply distinguishes the kind of process described here from mechanisms based on thermal of diffusive kinetics, which can also lead to isotopic fractionation. Fractionation due to mechanisms such as these must be either positive or negative, but not both, for a given set of processed isotopes. The 'mixed' positive and negative fractionation patterns produced in this model would be suggestive signatures for the origin of any material that exhibited them. conditions [Russell et al., 1981] , we examine predictions of (2) for two possible Ca-containing targets. Figure 11 shows expected fractionations for fluorite, CaF2, and for Cain. The elements F and I are each composed of a single stable isotope with mass 19 and 127, respectively, and these two masses bracket the range of the Ca isotopes. The Ca sputtered from CaF= is predicted to be strongly fractionated in a negative sense, and the Ca sputtered from CaI= is predicted to be strongly fractionated in a positive sense. The magnitudes of the/t values are large, ranging from ~ 1096o to ~5096o. Moreover, especially in the case of Cain, the nonlinearities are also large, the maximum • value exceeding 796o. The direction of the nonlinearity is the same (positive) for both CaF2 and Cain. This is also the case for the Ca metal fractionation curve illustrated in Figure 4 . A positive • value for a given isotope means that the isotope is more depleted in the sputtered material than a straight-line law based on the two lightest isotopes would suggest. Thus for CaI= the enrichment of heavy isotopes is less than the value of/5(42, 40) suggests, and for CaF= the depletion of heavy isotopes exceeds a prediction based upon/5(42, 40). This target pair could provide, then, an economical test of the sputtering model proposed here, since both the positive-negative fractionation feature as well as the noniinearity characteristic can be investigated at the same time.
We conclude the presentation of this sputter-induced fracticnation process by discussing some of the qualifications and difficulties that attend it. First, it must be emphasized again that the/i fractionation values apply strictly to the material that is sputtered away in the initial stages of bombardment, 
